Concentration dependence of nonlinear refractive index n 2 in fibers heavily doped with GeO 2 is studied by using the D-scan method. Good agreement with an empirical dependence established earlier with lower GeO 2 concentrations by the cw dual-frequency beat signal technique is shown for GeO 2 concentrations up to ϳ100 mol. %. The highest values of the nonlinear coefficient ␥ at 1.25 m of 47.9, 57.7, and 70. . Such heavily GeO 2 -doped fibers can yield a further increase in the efficiency of nonlinear effects. However, with increased GeO 2 concentration in the core, the scattering loss is significantly increased. The origin of this anomalous scattering observed at small angles has not been fully clarified [2, 3] . At the stage of improvement of optical characteristics, it is important to accurately measure the nonlinear coefficients in the fibers with different compositions and under different conditions of the fabrication process. For GeO 2 -doped fibers, an empirical dependence of the nonlinear refractive index n 2 on the GeO 2 content was established by a cross-phasemodulation method (XPM) with the self-delayed heterodyne detection technique [4] and by a method based on self-phase modulation (SPM) with a cw dual-frequency beat signal [5] . The dependencies differ for these two methods. According to the results obtained in [4] , n 2 in pure GeO 2 is 4.5 times larger than that of pure SiO 2 , whereas only a 2.5 times increase of n 2 in pure GeO 2 follows from the empirical dependence, obtained in [5] . In both studies, the n 2 measurement was performed in fibers with GeO 2 concentrations in the core of up to ϳ21 mol. %.
Increasingly more attention has been paid lately to the development of highly nonlinear fibers, such as heavily doped GeO 2 , Bi 2 O 3 , and TeO 2 fibers. Owing to their very high Kerr nonlinearity, hundreds times higher than that of silica fibers, Bi 2 O 3 and TeO 2 fibers are candidates for many applications based on nonlinear effects in telecommunication systems. However, they have very high losses of ϳ1 dB/m at 1.55 m. The GeO 2 -doped fibers with a GeO 2 concentration of up to ϳ30 mol. % have much lower Kerr nonlinearity; nevertheless, because of their small losses of ϳ1 dB/ km, they remain the most efficient for nonlinear applications in comparison with other fibers [1] . Recently, modified chemical-vapor deposition (MCVD) fibers with much higher GeO 2 concentrations of up to ϳ100 mol. % were developed [2] . Such heavily GeO 2 -doped fibers can yield a further increase in the efficiency of nonlinear effects. However, with increased GeO 2 concentration in the core, the scattering loss is significantly increased. The origin of this anomalous scattering observed at small angles has not been fully clarified [2, 3] .
At the stage of improvement of optical characteristics, it is important to accurately measure the nonlinear coefficients in the fibers with different compositions and under different conditions of the fabrication process. For GeO 2 -doped fibers, an empirical dependence of the nonlinear refractive index n 2 on the GeO 2 content was established by a cross-phasemodulation method (XPM) with the self-delayed heterodyne detection technique [4] and by a method based on self-phase modulation (SPM) with a cw dual-frequency beat signal [5] . The dependencies differ for these two methods. According to the results obtained in [4] , n 2 in pure GeO 2 is 4.5 times larger than that of pure SiO 2 , whereas only a 2.5 times increase of n 2 in pure GeO 2 follows from the empirical dependence, obtained in [5] . In both studies, the n 2 measurement was performed in fibers with GeO 2 concentrations in the core of up to ϳ21 mol. %.
In this work, we measured n 2 in fibers with different GeO 2 content including those with very high GeO 2 concentrations of 66, 75, and 97 mol. %. The fibers with a high GeO 2 concentration had scattering losses of 30-200 dB/ km at 1.55 m [2] , making the use of cw SPM or XPM methods difficult. We employed the dispersive-scan (D-scan) technique for measuring n 2 in these fibers, because the D-scan is one of the few methods that is capable of measuring n 2 in fibers with a high loss and large dispersion.
The principle and first experimental demonstration of the D-scan method was given in detail in [6, 7] . Being a temporal analog of the Z-scan, it requires only a single beam and avoids the problems of alignment associated with pump-probe beams [4] or two laser beams [5] .
We modified the experimental setup offered in [7] , using a forsterite femtosecond laser instead of a Ti:sapphire laser. The larger operating wavelengths permitted us to measure n 2 in single-mode fibers with typical cutoff wavelengths c ജ 1 m and at lower values of dispersion. The tunable forsterite laser produced 300 mW of an average output power with 50-90 fs pulses of 100 MHz repetition rate in the wavelength range P = 1230-1270 nm at a 10 W pump from a diode-pumped Yb 3+ fiber laser. Femtosecond pulses passed twice through an adjustable dispersion line (DL) made of two SF10 prisms and reflectors before entering the nonlinear fiber. The pulses are broadened and acquired a parabolic temporal phase shift in the DL. In Gaussian approximation {E͑t͒ = E 0 exp͓−͑t 2 /2 0 2 ͔͒, where E 0 is the amplitude and 0 is the half-width of the input pulse}, the amplitude of the phase-modulated pulse at the output of the dispersion line is given by [8] 
where the second derivative of the phase with respect to frequency Љ after two passes of the DL is
Here P is the DL optical path length; n and l m are the refractive index and the path length in the prism ma-terial, respectively. The first term in Eq. (2) contributes to the negative part of dispersion as was shown in [9] ; the second one, to the positive dispersion, which depends on the prism position. Dispersion was varied in the range −10 4 -10 4 fs 2 by moving the prisms. The pulses with the linear phase modulation propagated through the tested fiber, where they acquired a positive nonlinear phase shift through SPM:
where l f is the fiber length. The combination of these two effects leads to spectral narrowing or broadening, according to the magnitude and the sign of the dispersion introduced in the DL. The spectral peak intensity and spectral width at the fiber output were recorded by the optical spectrum analyzer as functions of the dispersion at the fiber input. The average pump power was kept constant with great accuracy during this measurement. The measured D-scan curve was then approximated by the theoretical curve obtained by numerical modeling based on the Fourier transform of the above relations (Fig. 1) . The value of n 2 was determined from the best fit to the measured data. We performed measurements of n 2 in six GeO 2 -doped fibers with the parameters shown in Table 1 . MCVD fibers with different GeO 2 content and different refractive index profiles were single mode with cutoff wavelengths close to 1 m. For fibers 4-6, the profiles were defined from the Ge distribution in the core obtained by a scanning electron microscope in multimode fibers drawn from the same preforms [2] . The effective area A eff was determined by using the far-field method. Short fiber lengths of about 3 cm were used in our measurements in heavily GeO 2 -doped fibers because of large dispersion at 1.25 m. Figure 2 shows the dependence of the nonlinear phase shift on the average pump power measured for fiber 6. The linear fit indicates that dispersion in the fiber does not influence our measurements. The measured values of n 2 were averaged over 20 D-scan curves for each fiber. In all cases we obtained repeatability of ±4 % -5%. The typical range of nonlinear phase shifts used in our measurements was ⌬ SPM = 0.1-1.5 rad.
The measured n 2 are given in Table 1 . We compared the measured n 2 with the average n 2 values calculated for our fibers in accordance with the empirical linear dependencies of n 2 on GeO 2 concentration given in [5] [n 2 ͑GeO 2 -SiO 2 ͒ = n 2 ͑SiO 2 ͒ + K * X͑GeO 2 ͒, where X͑GeO 2 ͒ is the GeO 2 concentration in mol.%, n 2 ͑SiO 2 ͒ = 2.16ϫ 10 −16 cm 2 / W, and K = 0.033ϫ 10 −16 cm −16 / ͑W mol. % ͒]. This empirical dependence for SiO 2 -GeO 2 glass was obtained in [5] from n 2 measurement in fibers with random polarization and can be applied directly only to bulk samples. Our measured n 2 is the average over the fiber radius weighted by the square of optical intensity. We calculated the mode-field distribution and the average n 2 value by the finite-element method, taking into account the real fiber core profile and assuming that the radial distribution of n 2 depends linearly on the GeO 2 distribution in accordance with the bulk dependence [5] . Figure 3 shows the dependence of the measured and calculated averaged values of n 2 on the GeO 2 concentration for the fibers studied. As is seen in the figure, our measured values of n 2 are in good agreement (within ±3%) with the calculated values, which, among other things, means that, with the same accuracy, the linear bulk dependence obtained in [5] is confirmed from our measurements in fibers. In Fig. 3 , we also compare the n 2 dependence obtained in fibers with the bulk dependence [5] itself. We marked by triangles the n 2 values corresponding to the maximal GeO 2 concentration in the fiber core. The figure shows the influence of the fiber core profiles on the n 2 value. For heavily GeO 2 -doped fibers, the profiles are more graded [2, 3] , and the deviation from the bulk dependence is larger.
Thus, our results of n 2 measurements obtained by the D-scan method confirm on a femtosecond scale the 2.5-times increase of n 2 for pure GeO 2 in comparison with pure SiO 2 obtained in [5] with much longer pulses. For low GeO 2 , this agreement was expected, as both methods use the same SPM effect and measure fast electronic component of n 2 , contrary to the XPM method used in [4] , where the influence of the slower electrostrictive component could be significant [10] . Nevertheless, the linear dopant dependence of n 2 shown for fibers with a very high GeO 2 content is not trivial. In particular, the reason for the abovementioned increased scattering losses in heavily GeO 2 -doped fibers could be relatively large-scale inhomogeneities of glass density in the fiber core, which appear because of a high fictive temperature of the fibers [11] . In fibers 4-6 with a large GeO 2 content and losses of more than 60 dB/ km at 1.25 m [2] , such density fluctuations could yield a notable deviation from the linear dependence of n 2 on GeO 2 concentration. As follows from the results shown in Fig. 3 , a source of scattering losses did not influence the n 2 value.
In conclusion, using D-scan, we have measured n 2 in fibers with very high GeO 2 concentrations of 66, 75, and 97 mol. % for the first time to our knowledge. The n 2 values of 4.11ϫ 10 −16 , 4.38ϫ 10 −16 , and 4.97 ϫ 10 −16 cm 2 / W obtained in these fibers, respectively, are the highest values of the fast electronic component of n 2 measured in fibers with a GeO 2 core. We compared our results with those obtained earlier by other methods for lower GeO 2 content and found them to be in good agreement with an empirical dependence obtained in [5] by the dual-beat-signal technique with much longer pulses. The linear dependence of n 2 on the GeO 2 content shown with the heavily GeO 2 -doped fibers testifies that the effects related to the fluctuations of the glass density do not influence n 2 or that their influence is negligibly small. (Table 1) and calculated in accordance with [5] as functions of the GeO 2 concentration in fibers. Dashed and dotted lines are drawn as a guide for the eye. The dependence of n 2 on the GeO 2 concentration for bulk SiO 2 -GeO 2 materials given in [5] is also shown.
